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(S) Magnetic recording system. 



© —A magnetic-recording system-includes -a -current— tapering -circuit-which grad ual iy- red uces -th e -WR1TE- 
current in a magnetic recording head to zero over a time interval on the same order of magnitude as the 
characteristic relaxation time of the domain patterns in the magnetic recording head, rather than 
abruptly. Specific embodiments of the current-tapering circuit create a down-sloping ramp, a decaying 
exponential curve, and a high-frequency burst The resultant magnetic recording system has reduced 
Barkhausen noise and reproducible READ performance as well as improved READ sensitivity following 
a WRITE operation. 
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This invention relates in general to magnetic 
recording systems, and in particular to magnetic 
recording heads used in such systems. 

The recent evolution of magnetic storage technol- 
ogy has included dramatic improvements in magnetic 5 
storage medium density and data access times. In 
order to service the increased density and shorter 
access times, magnetic recording heads are being 
called upon to perform their writing and reading func- 
tions, as well as their servo signal reading functions, 10 
more rapidly. This in turn requires closer timing be- 
tween successive data transfer operations, or WRITE 
cycles and READ cycles (both data and servo position 
signal), which puts stringent requirements on the 
rapid magnetic relaxation of the magnetic recording 15 
head. 

However, in prior art magnetic recording systems 
such as that shown in FIGS. 1 and 2, the relaxation 
of the magnetic recording head after a WRITE cycle 
is a highly hysteretic, magnetically irreversible pro- 20 
cess. This is because when the WRITE ENABLE input 
deactivates the WRITE DRIVER and thereby abruptly 
removes the WRITE current from the magnetic 
recording head, metastable magnetic domain pat- 
terns (i.e., marginally stable magnetic patterns) are 25 
created in the head which can transition to lower 
energy states (Le. relax further) at random points in 
time after termination of the WRITE process. The 
associated abrupt transitions in the magnetization of 
the magnetic recording head results in flux changes 30 
jBgM,dingjfce_magnet ic record ing head and thereby 



creating voltage glitches in the head output. These 
relaxation glitches, known as Barkhausen noise, can 
occur for several hundred microseconds following a 
WRITE cycle, and can cause errors in any data or 35 
servo signal read during that time. 

Additionally, the domain walls, which define the 
boundaries between the domain patterns, form at dif- 
ferent locations and lead to a different, nonzero, final 
remanence of the head every time the WRITE current 40 
is removed from the magnetic recording head. Thus, 
not only is a given final micro-magnetic domain pat- 
tern not reproducible from one WRITE cycle to the 
next, but the final remanence state of the magnetic 
recording head is nonzero. As a result, prior art mag- 45 
netic recording systems exhibit non-reproducible data 
and servo read performance (due to randomness of 
the final micro- magnetic domain pattern), impaired 
READ sensitivity following a WRITE cycle (due to 
nonzero final remanence), and noise-after-WRITE so 
which can produce errors in data and servo READ 
cycles Immediately following a WRITE cycle. 

AM of the adverse magnetic relaxation effects 
described above occur in ferrite inductive heads, thin 
film inductive heads, and thin-film inductive- mag- 55 
netoresistive heads. Moreover, while observable in 
standard dual element READ/WRITE magnetic 
heads, the problems become particularly acute in the 



single element READ/WRITE magnetic heads that 
must be used to achieve the alignment accuracy con- 
comitant to increased storage density. Thus, the des- 
cribed magnetic relaxation effects have heretofore 
detracted from the performance of READ/ WRITE 
magnetic heads and have presented a barrier to 
reduction of the transition time between WRITE and 
READ cycles. 

The present invention provides a magnetic 
recording system for providing controlled magnetic 
recording head relaxation at the conclusion of a 
WRITE cycle, comprising a magnetic recording head 
for carrying a current for use in writing to a magnetic 
storage medium, said magnetic recording head hav- 
ing domain patterns with a characteristic relaxation 
time; a WRITE DRIVER, coupled to said magnetic 
recording head, said WRITE DRIVER including 
means, responsive to the completion of said WRITE 
cycle, for controlling the fall time of said current in said 
magnetic recording head such that the magnitude of 
said current fails over a time interval of an order of 
magnitude equal to said relaxation time of said 
domain patterns. 

The invention also provides data storage 
apparatus comprising a magnetic recording system 
as described above; one or more magnetic storage 
media; and logic circuitry for controlling the transfer of 
data to and from the data storage apparatus. 

The invention further provides a method for con- 
trolling magnetic relaxation following a WRITE cycle 
-_J^jTOgnMcjreccT$ 
ing head having domain patterns with a characteristic 
relaxation time, comprising applying a WRITE current 
to said magnetic recording head to perform a WRITE 
operation; detecting the completion of said WRITE 
operation; and upon said detection, reducing the mag- 
nitude of said WRITE current in said magnetic record- 
ing head over a time interval of an order of magnitude 
equal to said relaxation time of said domain patterns. 

In accordance with the invention, a magnetic 
recording system includes a current tapering circuit 
which gradually reduces the magnitude of the WRITE 
current in a magnetic recording head to zero over a 
time interval on the same order of magnitude (i.e., 
within a factor of ten) as the characteristic relaxation 
time of the domain walls in the magnetic recording 
head (usually approximately 1 00-300 ns), rather than 
abruptly (approximately 1-10ns). The "characteristic 
relaxation time" of the domain walls is the time 
required for the magnetic patterns in the magnetic 
recording head to reach their final (lowest) energy 
state. This time is dependent on the physical proper- 
ties (material, geometry, etc.) associated with a par- 
ticular magnetic recording head design, and may be 
empirically measured from a given magnetic record- 
ing head. 

It will be clear that when reference is made to the 
current's magnitude, this refers to the size of the cur- 



:iD: <EP 04S5438A2 I > 



3 



EP 0 455 436 A2 



4 



rent irrespective of its sign. Accordingly, in an a.c sys- 
tem, "magnitude" should be interpreted as the ampli- 
tude or envelope of the current. In the d.c. case, the 
term relates simply to the scalar value of the current 
One effect of this quasi-static, controlled relax- 
ation of the magnetization in the magnetic recording 
head is that the head returns to a fully relaxed state 
in a shorter period of time than otherwise. A second 
effect of controlled relaxation is that after the WRITE 
current is reduced to zero the magnetic recording 
head creates far fewer Barkhausen noise glitches 
than otherwise, and thus causes far fewer errors in 
data servo information read directiy after a WRITE 
cycle. A third effect of controlled relaxation is that the 
magnetic recording head relaxes into a final micro- 
magnetic domain state that is reproducible from one 
WRITE cycle to the next, and thus provides constant 
data read performance from one WRITE cyde to the 
next. A fourth effect of controlled relaxation is that the 
magnetic recording head relaxes into a final reman- 
ence state of zero, and thus provides improved READ 
sensitivity directiy after a WRITE cycle. 

The current-tapering circuit extends the fall-time 
of the WRITE current through the magnetic recording 
head according to a smoothly decaying function. Pre- 
ferred embodiments include monotonicaily decaying 
functions such as a down-sloping ramp and a decay- 
ing exponential curve. Alternative embodiments 
include a high frequency (i.e. a frequency above the 
recording frequency band) burst function such as a 
square wave burst or a sinusoidal wave burst whose 
-amplitudes have a smoothly-decaying-function.-The - 
high frequency of the burst prevents the magnetic 
recording head from writing to the magnetic storage 
medium while the WRITE current is gradually falling. 

In order that the invention may be fully under- 
stood, a preferred embodiment thereof will now be 
described, by way of example only, with reference to 
the accompanying drawings in which: 

FIG. 1 is a block diagram showing a magnetic 
recording system of the prior art. 

FIG. 2 is a schematic diagram showing circuit 
details of a WRITE DRIVER of the prior art. 

FIG. 3 is a timing diagram showing the interaction 
of inputs and outputs in a WRITE DRIVER of the prior 
art 

FIG. 4 is a block diagram showing a magnetic 
recording system embodying the present invention. 

FIG. 5 is a schematic diagram showing circuit 
details of a WRITE DRIVER embodying the present 
invention. FIG. 5Aand FIG. SB show circuit details of 
current tapering circuits that may be incorporated into 
the WRITE DRIVER of FIG. 5. 

FIG. 6 is a timing diagram showing the interaction 
of inputs and outputs in a WRITE DRIVER embodying 
the present invention. * 

FIG. 7 is a block diagram showing a magnetic 
recording system with an alternative embodiment of 



the present invention. 

FIG. 8 Is a schematic diagram showing circuit 
details of a WRITE DRIVER with an alternative embo- 
diment of the present invention. 
5 FIG. 9 is a timing diagram showing the interaction 

of inputs and outputs in a WRITE DRIVER with an 
alternative embodiment of the present invention. 

Refer now to FIGs. 1-3 which illustrate in block 
diagram, schematic diagram, and timing diagram 
10 form respectively a typical prior art magnetic record- 
ing head and WRITE DRIVER, wherein the WRITE 
current at the completion of a WRITE cycle is abruptly 
terminated, resulting in adverse magnetic relaxation 
effects as described in the background of the inven- 
ts tion. 

FIG. 4 illustrates in block diagram form a mag- 
netic recording system embodying the present inven- 
tion. As shown, the system comprises a magnetic 
recording head 140, a WRITE DRIVER 120, a current 
20 tapering circuit 100, and a READ AMPLIFIER 160. A 
typical data transfer sequence begins when external 
circuitry raises the WRITE ENABLE input 101 from 
logic state 0 to logic state 1. The current tapering cir- 
cuit 100 passes the WRITE ENABLE input 101 with 

25 negligible delay to the WRITE DRIVER 120. Next, 
external circuitry supplies logic levels representing 
binary data to the D+ and D- (121 and 122 respect- 
ively) inputs of the WRITE DRIVER 120. The WRITE 
DRIVER 120 translates the D+ and D- logic states into 

30 current pulses through the magnetic recording head 
1 40. The current flowing through the magnetic record- 

. — ing -head -140-creates~a-magnetic-field-which-mag-- 
netizes the appropriate portion of a magnetic 
recording medium (not shown) adjacent to the mag- 

35 netic recording head 140. The WRITE cycle then con- 
tinues, with the WRITE ENABLE input 101 maintained 
at logic state 1 and the D+ and D- inputs toggling to 
create the appropriate magnetic recording head cur- 
rent and associated magnetic field, thus writing 

40 perhaps millions of bits of data to the magnetic stor- 
age medium. 

When the WRITE cycle portion of the data trans- 
fer sequence is complete, external circuitry generates 
a completion signal indicating completion of the 

45 WRITE operation, which drops the WRITE ENABLE 
input 101 from logic state 1 to logic state 0. The cur- 
rent tapering circuit 100, however, does not pass the 
abrupt transition to the WRITE DRIVER 120. Instead, 
its output to the WRITE DRIVER 1 20 is a smooth ramp 

so function decaying to 0 over a time interval on an order 
of magnitude equal to the characteristic relaxation 
time associated with the domain walls in the magnetic 
recording head. As the WRITE ENABLE input 101 to 
the WRITE DRIVER 120 decays smoothly to 0, the 

55 current delivered from the WRITE DRIVER 1 20 to the 
magnetic recording head 140 likewise" 7 decays 
smoothly to 0 over the same time interval, which time 
interval, previously derived from measurement of the 

3 
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characteristic relaxation time of the domain walls in 
the magnetic recording head, results in greatly dimi- 
nished Barkhausen noise, relaxation into a reproduc- 
ible micro-magnetic domain state, and a final 
remanence state of zero. 

The WRITE cycle now being completed, the data 
transfer sequence may also be complete, or alterna- 
tively it may continue in the form of a subsequent 
WRITE cycle or READ cycle. In the case where a 
READ cycle follows the just-completed WRITE cycle, 
the data transfer sequence continues with external 
circuitry gating the READ AMP 160 data outputs to 
begin reading data from the magnetic storage 
medium as appropriate. Data integrity is assured 
throughout the READ cycle, since the adverse mag- 
netic relaxation effects which would otherwise be gen- 
erated by the magnetic recording head at the 
completion of the WRITE cycle have been corrected 
by the ramped termination of the WRITE DRIVER 120 
current Once the desired data has been read, the 
READ cycle is complete and the data transfer sequ- 
ence may IBcewise be concluded. The entire process 
may then repeat itself by way of another data transfer 
sequence. 

FIGs. 5, 5A, and 5B illustrate in schematic diag- 
ram form a WRITE DRIVER embodying the present 
invention. As shown, the system comprises a WRITE 
DRIVER 120 with an embedded current tapering cir- 
cuit including either a means for reducing the current 
in the magnetic recording head 140 according to an 
-wgraientialry decaying fcnctipn4e.g., an_exponentiaL 
taper circuit 105 as in FIG. 5B) or a means for reduc- 
ing the current in the magnetic recording head accord- 
ing to a linear ramp function (e.g., a ramp taper circuit 
112 as In FIG. 5A). 

A WRITE cycle begins when the WRITE ENABLE 
input 101 transitions from logic state 0 to logic state 
1. In eftherthe ramp taper circuit 1 12 or the exponen- 
tial taper circuit 105, the diode (114 or 107, respect- 
ively) begins conducting, rapidly charging the 
capacitor (116 or 110, respectively) and turning the 
transistor (113 or 106, respectively) ON. At this point 
the WRITE DRIVER 120 is enabled, and the D+ and 
D- (121 and 122) inputs begin to control the WRITE 
current applied to the magnetic recording head 140. 
When D+tsat logic 1 (and hence D- at logic 0), tran- 
sistors 126 and 127 are ON, while transistors 136 and 
137 are OFF. The WRITE current I w flows through the 
magnetic recording head 140 from (-) to (+). When D- 
ts at logic 1 (and hence D+ at logic 0), transistors 136 
and 137 are ON, while transistors 126 and 127 are 
OFF. The WRITE current Iw flows through the mag- 
netic recording head 140 from (+) to (-). Transistors 
125 and 135 are emitter followers biased by a con- 
stant rai current and as such they are always on. The 
output of each emitter follower tracks the input signal 
(D+ or D-, respectively), with an offset equal to the 
base emitter voltage. 



At the completion of the WRITE cycle, the WRITE 
ENABLE input 101 drops abruptly from logic state 1 
to logic state 0 in response to an externally generated 
completion signal indicating completion of the WRITE 
5 operation. In one preferred embodiment of the pre- 
sent invention, where the ramp taper circuit 112 
shown in FIG. 5A is embedded in the WRITE 
DRIVER, the diode 114 ceases to conduct The 
capacitor 116 begins discharging through the con- 
to stant current source 1 17. The voltage on the base of 
transistor 113 ramps linearly to 0 according to the time 
constant determined by the values of capacitor 116 
and constant current source 117, which values are set 
to create a ramp reaching 0 potential at a time 
15 approximately equal to the characteristic relaxation 
time associated with the domain walls of the magnetic 
recording head 140 used in the WRITE DRIVER 120. 
As the capacitor 116 connected to the base of transis- 
tor 113 discharges, the WRITE current Iw through 
20 transistor 113 likewise ramps linearly to 0, thereby 
providing controlled relaxation of the magnetic 
recording head 140. 

In another preferred embodiment of the present 
invention, where the exponential taper circuit 105 
25 shown in FIG. 5B is embedded in the WRITE DRIVER 
120, the completion of the WRITE cycle occurs in sub- 
stantially the same manner as described above. How- 
ever, in this embodiment the capacitor 110 
discharges along a decaying exponential curve 
30 through resistor 109 according to a time constant 

„ ^determined„so_as-to_create„an_exponentiaI„funct*on„ 

decaying to approximately 0 potential at a time 
approximately equal to the characteristic relaxation 
time associated with the domain walls of the magnetic 
35 recording head 140 used in the WRITE DRIVER 120. 

FIG. 6 illustrates in timing diagram form the 
interaction of inputs and outputs in a WRITE DRIVER 
embodying the present invention. As discussed 
above, the critical period of time with respect to mag- 
40 netic relaxation occurs when the WRITE ENABLE 
transitions from logic state 1 to logic state 0. At that 
point in the WRITE cycle, the current tapering circuit 
100 of the present invention creates a smooth, elon- 
gated fall time to the WRITE current through the mag- 
45 netic recording head 140. As shown, current is 
tapered according to either a linear ramp function or 
a decaying exponential function. 

FIGs. 7, 8, and 9 show respectively in block diag- 
ram, schematic diagram, and timing diagram form a 
so magnetic recording system comprising an alternative 
embodiment of the present invention. As shown in 
FIGs. 7 and 8, this alternative embodiment includes a 
WRITE DRIVER 120 and a current tapering circuit 
100 such as either of those described above in the 
55 preferred embodiments and illustrated in FIG 5A or 
FIG 5B. In addition, the alternative embodiment 
employs a timed enabling circuit 1 90 and a gating cir- 
cuit 180. The final enabling circuit 190 is triggered by 
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the negative-going transition of the WRITE ENABLE 
input 101 to provide an enabling signal to the gating 
circuit 180 for a predetermined period of time. Upon 
enablement, the gating circuit provides a high fre- 
quency data termination burstsignai on the D+ and D- s 
inputs (121 and 122) to the WRITE DRIVER 120. 

FIG. 8 shows the particulars of the timed enabling 
circuit 190 and the gating circuit 180. Upon a logic 
state 1 to logic state 0 transition of the WRITE 
ENABLE input 101, the timed enabling circuit 190 (a 10 
monostable multivibrator, for instance) causes the 
gating circuit 180 to degate the data inputs 181 and 

182 and gates the high frequency clock 183 to the D+ 
and D- inputs (121 and 122) of the WRITE DRIVER 
'120. The burst signal from the high frequency clock 15 

183 is maintained on the D+ and D- inputs 121 and 
122 for a period of time determined by the timed 
enabling circuit 190, which period is set such that the 
high frequency burst signal is gated to the WRITE 
DRIVER 120 during the same period of time the 20 
WRITE current Iw is ramping (or decaying) to 0. Upon 
expiration of the set time period, the timed enabling 
circuit 190 causes the gating circuit 180 to degate the 
high frequency dock 183 and regate the data input 

1 81 to the D+ and D- inputs 1 21 and 1 22 of the WRITE 25 
DRIVER 120. 

As illustrated in FIG. 9, the high frequency data 
termination burst signal coacts with the smooth ramp 
(or decaying exponential) of the current tapering cir- 
cuit to provide a high frequency linearly (or exponen- 30 
tially) terminating WRITE current through the 
-magnetic-recording head 

It is worthy of note that there exist many possible 
variations on the above described alternative embo- 
diment For instance, the timed enabling circuit 190 35 
may be a monostable multivibrator, or, it may be a 
counter that counts the number of pulses in the burst 
signal and degates the high frequency clock after a 
given count is reached. The high frequency clock 1 83 
may be replaced with a high frequency sinusoidal 40 
wave. Also, either the high frequency clock orthe high 
frequency sinusoidal wave may be replaced with a 
low frequency-to-high frequency square wave or sin- 
usoidal wave. Any of these functions, in coaction with 
monotonically (i.e. linearly or exponentially) decaying 45 
taper circuit whose time constant is approximately as 
long as the characteristic relaxation time of the 
domain walls in the driven magnetic recording head, 
will provide a dramatic improvement in the adverse 
magnetic relaxation effects created by the magnetic so 
recording head at WRITE cycle completion. 

Further, the present invention is readily applic- 
able to a wide variety of magnetic recording systems. 
For instance, it can be used in systems having ferrite 
inductive heads, in systems having thin film inductive 55 
heads, and in systems having thin film inductive-mag- 
netoresistive in systems implementing single element 
READ/WRITE heads and in systems implementing 



dual element READ/WRITE heads. 

Thus in at least a preferred embodiment there has 
been described a system for controlling magnetic 
recording head relaxation in a magnetic recording 
system, and to reduce READ/WRITE magnetic 
recording head noise following a WRITE cycle in a 
magnetic recording system. The system described 
allows a reproducible final micro-magnetic domain 
state following a WRITE cycle in a magnetic recording 
system and a final remanence state of zero in a mag- 
netic recording head to be obtained. 

While the invention has been particularly des- 
cribed and illustrated with reference to preferred 
embodiments, it will be understood by those skilled in 
the art that changes in the description or illustrations 
may be made with respect to form or detail without 
departing from the scope of the invention. 



Claims 

1. A magnetic recording system for providing con- 
trolled magnetic recording head relaxation at the 
conclusion of a WRITE cycle, comprising: 

a magnetic recording head for carrying a 
current for use in writing to a magnetic storage 
medium, said magnetic recording head having 
domain patterns with a characteristic relaxation 
time; and 

a WRITE DRIVER, coupled to said mag- 
netic recording head, said WRITE DRIVER 
- -including means, responsive to the completion of- 
said WRITE cycle, for controlling the fall time of 
said current in said magnetic recording head such 
that the magnitude of said current falls over a time 
interval of an order of magnitude equal to said 
relaxation time of said domain patterns. 

2. A magnetic recording system as claimed in claim 
1, wherein said means for controlling the fall time 
of said current provides a current fall according to 
a function the magnitude of which monotonically 
decreases in time. 

3. A magnetic recording system as claimed in claim 
1 or claim 2, wherein said current falls over a time 
interval approximately equal to said relaxation 
time of said domain walls. 

4. A magnetic recording system as claimed in any 
preceding claim, wherein said means for control- 
ling the current fall time comprises a current tap- 
ering circuit, the tapering circuit comprising a 
diode with its anode coupled to said WRITE 
ENABLE input, a capacitor coupled between said 
diode's cathode and a reference voltage, a resis- 
tor coupled in parallel with said capacitor between 
said diode's cathode and said reference voltage, 
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a transistor with its base coupled to said diode's 
cathode and its emitter coupled through a resistor 
to said reference voltage, said transistor function- 
ing to control said current delivered by said 
WRITE DRIVER to said magnetic head. s 

5. A magnetic recording system as claimed in any of 
claims 1 to 3, wherein said means for controlling 
the current fall time comprises a current tapering 
circuit the tapering circuit comprising a diode with 10 
its anode coupled to said WRITE ENABLE input 

a capacitor coupled between said diode's 
cathode and a first reference voltage, a constant 
current source coupled between said diode's 
cathode and a second reference voltage, a tran- is 
sistor with its base coupled to said diode's 
cathode and its emitter coupled through a resistor 
to said first reference voltage, said transistor 
functioning to control said current delivered by 
said WRITE DRIVER to said magnetic head. 20 

6. A magnetic recording system as claimed in any of 
claims 1 to 3, wherein said means for controlling 
the current fall time comprises means for reduc- 
ing said current according to an oscillatory 25 
waveform having an envelope monotonically 
decaying in time, 

7. A magnetic recording system as claimed in claim 

6 wherein the oscSlatory waveform is selected 30 

from the group consisting of — - — 

a high frequency sinusoidal waveform; 
a high frequency square waveform; and 
a swept-frequency waveform. 

35 

8. A magnetic recording system as claimed in claim 
6 or claim 7, wherein said oscillatory waveform is 
created by circuitry comprising: 

an oscillator circuit; 

a timed enabling circuit coupled to said 40 
WRITE ENABLE input responsive to said logic 
state transition of said WRITE ENABLE input for 
generating a umed enabling signal for a pre- 
determined period of time; and 

a gating circuit coupled to said timed 45 
enabling circuit and the oscillator circuit and res- 
ponsive to said enabling signal from said timed 
enabling circuit tor applying an oscillatory 
waveform from the oscillator circuit to said 
WRITE DRIVER while enabled by said enabling so 
signal. •* ■ » 

9. A magnetic recording system as claimed in any 
preceding claim, wherein said magnetic record- 
ing head is selected from the group consisting of 55 

a single element READ/WRITE magnetic 
recording head; - ■ 

a thin-flm inductive head; 



a ferrite inductive head; and 

a dual element head including an inductive 
element to perform magnetic writing and a mag- 
neto- resistive element to perform magnetic read- 
ing. 

10. A method for controlling magnetic relaxation fol- 
lowing a WRITE cycle of a magnetic recording 
head, said magnetic recording head having 
domain patterns with a characteristic relaxation 
time, comprising: 

applying a WRITE current to said magnetic 
recording head to perform a WRITE operation; 

detecting the completion of said WRITE 
operation; and 

upon said detection, reducing the mag- 
nitude of said WRITE current in said magnetic 
recording head over a time interval of an order of 
magnitude equal to said relaxation time of said 
domain patterns. 

11. Data storage apparatus comprising 

a magnetic recording system as claimed in 

any of claims 1 to 9; 

one or more magnetic storage media; and 
logic circuitry for controlling the transfer of 

data to and from the data storage apparatus. 
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